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In quantum dot circuits, screening electron clouds in strongly-coupled leads will hybridize with
the states of the artificial atom. Using a three-terminal geometry, we directly probe the atomic
structure of a quantum dot with Kondo coupling. Our measurements reveal that this hybrid system
behaves as a non-linear entity with orbital degeneracy. Geometric distortion reduces the symmetry,
lowers the energy, and lifts the degeneracy—the Jahn-Teller effect.
PACS numbers: 71.70.Ej; 73.20.Hb; 73.23.Hk
Recent measurements of vertical quantum dots (QDs)
[1, 2] and carbon nanotube single-electron-transistors [3]
have revealed Kondo transport phenomena due to or-
bital degeneracy arising from chiral symmetry. Later-
ally gated QDs in ideal isotropic confinement poten-
tials theoretically display a high degree of symmetry.
In practice however, the attachment of quantum point
contacts (QPCs) reduces the spatial symmetry neces-
sary for orbital degeneracy. In the special case of a tri-
angular configuration, degeneracies due to point group
symmetry can be more easily achieved [4]. Experiments
have shown that Kondo co-tunneling allows for out-of-
equilibrium transport through the excited energy levels
of few electron QDs [5, 6, 7, 8, 9, 10]. Theoretical pre-
dictions [11, 12, 13, 14] and experimental investigations
[15] have demonstrated the possibility of using a third
lead to probe the density of states of a QD by means
of cotunneling spectroscopy. In this investigation, we
use a three-lead configuration to explore the transport
properties of a few-electron QD with Kondo interaction.
We adjust the Fermi level of the QD to create an arti-
ficial atom with four electrons. As expected, exchange
coupling yields a valence triplet state with lower energy
than the singlet state. When the QD lies in a configura-
tion of equilateral symmetry with respect to the probing
leads, the ground state is a hybridized doublet. However,
according to the Jahn-Teller theorem, partially-filled de-
generate ground states in systems with nonlinear geome-
tries are unpreferable. Thus, we find that the symmetry
of our system is spontaneously distorted in order for the
degeneracy to split and stability to be achieved. By ap-
plying a magnetic field perpendicular to the plane of the
QD, we restore the ground state doublet. To first order,
our experimental data is in strong agreement with the-
ory which has been developed for addressing the issue of
Jahn-Teller / Kondo interplay from tunneling impurities
with triangular symmetry [16].
Our QD was formed by laterally constricting
a two-dimensional electron gas (2DEG)—located
90 nm beneath the surface of a modulation-doped
AlxGa1−xAs/GaAs heterostructure—with 36-nm-high,
Ni-Cr-Au-alloy Schottky split-gates (as shown in the
SEM micrograph of Figure 1(A)). The results reported
in this paper were measured in a He-3 one-shot cryostat.
Shubnikov-de-Haas and Quantum Hall measurements
revealed that our heterostructure has a sheet density of
1.1 × 1015 m−2 and a mobility of 75 m2 / V − sec when
the electron temperature is approximately 1.5 K.
Our particular device has three unique features. There
is a floating gate positioned directly above the QD. This
metal island—having a diameter of 200 nm—is capaci-
tively coupled to the constriction gates; it flattens the
potential profile throughout the QD which effectively in-
creases the symmetry of the system and creates a very
shallow confinement well. It has been previously demon-
strated that shallow well QDs are ideal for confining
a small number of electrons [17]. As depicted in Fig-
ure 1(B), the second unique feature of our device is the
coplanar shielding of each active constriction gate by two
electrically grounded gates. This technique reduces col-
limation and allows for the 2DEG to be situated in close
proximity to the QD—enabling a stronger interaction be-
tween the QD and lead states. The third unique fea-
ture of our system is the fact that there is no single
gate dedicated to plunging the Fermi level of the QD.
Instead, two of the constriction gates are set to a con-
stant value (V0) and the third gate is varied around this
value (VGATE = V0 ± ∆ V0). It is true that this set-
up does not allow us individual control over the strength
of the tunneling barriers and the QD Fermi level. How-
ever, by using fewer active gates, we were able to create a
small enough three-port QD with a sufficiently large en-
ergy level spacing for resolving cotunneling spectral lines
at temperatures on the order of 800 mK.
2FIG. 1: (A) SEM micrograph of the nanostructure. An elec-
trically floating center gate enhances the symmetry of the
device by creating a uniform voltage potential in the vicinity
of the QD. (B) Illustration of the function of the coplanar
shielding gates. A voltage of −1V is applied to each constric-
tion gate—fully depleting the QD. This picture is based on a
simplified FEMLAB 3.1 simulation which solved the Laplace
equation in three dimensions for specified boundary condi-
tions. The color spectrum represents the full range of voltage
potentials present in the simulated system (RED → 0 and
BLUE → -1 V ). (C) Common-emitter circuit topology. A
small signal (with an amplitude of 5µVRMS at a frequency of
f0 = 103Hz) is combined with a DC bias and applied to the
base terminal. The signal is detected at the collector with a
current preamplifier and lock-in amplifier.
As shown in Figure 1(C), we operated our device in
a manner similar to that of a bipolar junction transistor
(BJT) in a common-source topology. To form our QD,
we first defined a base-port QPC with two of the constric-
tion gates. We varied the voltage on these gates until the
conductance of the QPC channel was tuned to the low-
est step of the QPC staircase. We then applied a voltage
(VGATE) to the third constriction gate (situated between
the collector and emitter ports). We pre-conditioned the
QD by changing this voltage from zero to a sufficiently
large value (−600mV ) which fully depleted the system.
Finally, we lowered this gate voltage so that a conduc-
tion channel re-opened between the collector and emitter
leads, and a few electrons could occupy the QD.
Experiments performed by Simmel, et al. have shown
that the energy levels of a QD will pin with respect to
that of a strongly coupled lead [18]. In our case, the en-
ergy levels of the QD appear to have been pinned with
respect to the collector and emitter leads. We measured
the differential conductance, G = iM/vS ≈ dIM/dVS ,
across the base and collector as a function of the DC
voltage bias on the base lead. When this chemical po-
tential was in resonance with excited energy levels of the
QD, electrons were injected from the base into the QD
thereby enabling us to directly probe the QD density of
FIG. 2: Evidence for the Kondo co-tunneling. (A) Kondo
spectra with zero bias across the QD. The gate-controlled
spectrum is measured at three different temperatures. A de-
crease in temperature results in an increase of quantum co-
herence and an increase of the Kondo-conduction feature. At
the lowest electron temperature we achieved (T = 250 mK),
the N = 3 and N = 5 Coulomb valleys both had widths
of approximately ∆VGATE = ∆V
′ = 7 mV . These three
traces were taken within a few hours of each other as we raised
the base temperature of the cryostat. (B) Fock-Darwin (base-
to-collector) conductance spectra. A kink in the peak trace
above the N = 5 Coulomb valley suggests a change in filling
factor at BZ = − 0.84 T . The general lack of kinks in
the spectra provides evidence that the QD is biased in the
few-electron limit.
states.
Figure 2(A) displays zero-bias measurements of the
base-to-collector conductance for three different temper-
atures. Decreasing the temperature of the system in-
creased the quantum coherence between lead states and
QD states. As a result, we observed an enhancement of
cotunneling conductance within the Coulomb valleys con-
taining an odd number of electrons[19, 20]. Figure 2(B)
shows the recorded peak traces for this zero-bias measur-
ment as a function of a magnetic field (the Fock-Darwin
spectra). The general lack of kinks suggests that our QD
is in the few-electron regime [21].
To investigate the out-of-equilibrium behavior of our
device, we measured the conductance as a function of
both gate voltage and bias applied to the base node of
our device. Figures 3(A) and (B) show contour plots of
3FIG. 3: Coulomb diamonds outlined with dotted lines. (A)
Contour plot of Coulomb diamond with Kondo cotunneling
features (circled) at T ∼ 800 mK. (B) A plot taken with the
same biasing conditions as (A) but with a higher temperature
(T ∼ 900 mK). The Kondo signatures are obscurred by the
background conductance due to inelastic cotunneling.
Coulomb diamonds taken with the same biasing condi-
tions but at two different temperatures. In Figure 3(A),
there are prominent co-tunneling spectral lines within the
diamond containing the slice VGATE = − 470 mV . As
shown in Figure 3(B), these distinctive lines fade into the
background conductance caused by inelastic cotunneling
as the electron temperature of the 2DEG is increased.
We also see from these plots that the small diamond cen-
tered on VGATE = − 480 mV in Figure 3(A) vastly
expands as a function of temperature (Figure 3(B)). The
observed temperature dependent co-tunneling suggests
that our system demonstrated Kondo coupling between
the QD and electron clouds in strongly coupled leads.
We noticed that there was a rather large Coulomb val-
ley centered about the slice VGATE = −400mV . When
both the s- and p-shells are completely filled [22], a QD
will contain a magic number of six electrons and the
increased amount of energy required for ionization will
yield a Coulomb valley larger than its nearest and next-
nearest neighbors. We therefore formed the conjecture
that this valley corresponds to the case of a six-electron
QD system as a means of justification for fitting our co-
tunneling data to a four-electron model. We did not re-
solve the boundaries of the one- and two-electron QD
because in these cases the spectral lines had magnitudes
below our threshold of detection.
We were particularly interested in studying the out-
of-equilibrium cotunneling peaks present in the four-
electron valley of Figure 3(A). We tracked the centers of
these spectra lines as a function of magnetic field applied
perpendicular to the plane of the QD (Figure 3). We
plotted only the points which were clearly distinguish-
able from the background conductance. The application
of a magnetic field BZ perpendicular to the plane of the
QD allowed us to control the splitting of the doublet
state. Around the point of restored degeneracy, B0, we
observed a crossing of the doublet states and an anti-
crossing of the excited singlet and triplet states. Since
these peaks lied within the four-electron Coloumb dia-
mond, we fit their traces to the Jahn-Teller-Kondo model
of Moustakas and Fisher [16] for describing the energy
spectra of a four-electron tunneling impurity with trian-
gular symmetry. We adopted their Hamiltonian Hcenter
for describing the system in a state of equilateral symme-
try, and we allowed the constants of their splitting term
Hsplit to have linear dependence on the perpendicularly
applied magnetic field.
The Moustakas-Fisher model describes distortion of a
system with C3V point-group symmetry to one with C2V
symmetry. The disortion can occur along any one of
the three axes of an equilateral triangle. This possibility
gives rise to three single-particle states: S which has a
symmetric distribution about the three states of distor-
tion; and L and R which respectively traverse the states
of distortion with left- and right-handed polarity. A con-
stant ǫ lowers the energy of S with respect to L and
R which are degenerate when no magnetic field is ap-
plied. A ferromagnetic exchange constant J accounts for
Hund’s first rule by describing the tendency for valence
spins to align within the quantum dot—thus ensuring
that the triplet state will have a lower energy than the
singlet. Likewise, a constant K accounts for exchange
coupling with the S state. Effectively, it creates a hy-
bridized doublet which becomes the ground state when
the condition 2K2 > ǫJ is met. Distortion of the im-
purity away from equilateral symmetry is described by
the mixing of single-particle states with energies δ1 (for
L and R) and δ2 (for S and R or S and L) which are
linear in spatial displacement. In this analysis, only the
four lowest energy states of the composite system are of
concern. As represented in Figure 4, they are the valence
spin triplet 3S1, the valence spin singlet
1S0, and the
1E
hybridized doublet pair. The energies associated with
the 3S1,
1S0, and
1E states are −(2ǫ + J), −(2ǫ − J),
and −ǫ − (ǫ + J)/2 −
√
(ǫ− J)2/22 + 2K2.
To fit our data, we applied the Moustakas-Fisher
model [16] with a Cartesian offset of (B0 = −0.86 T ,
E0 = 2ǫ). By inspection, we found that our mea-
surments are in strong agreement with this theory
around the point of restored doublet degeneracy (B =
B0) when the physical parameters of Hcenter are set
as follows: ǫ = 2.62 eV , J = ǫ/8, and K =
ǫ/3. To account for the influence of an applied mag-
netic field on the geometric distortion of our system,
we replaced the coefficients of Hsplit with magnetic-
field-dependent expressions, δ1,2→g1,2·(e/
√
8me)·B, and
we expressed the position variables in terms of the
QD energy, x±iy→r·(cos(π/4)∓isin(π/4)) where r2 =
~/(m∗e
√
ω2 + ω2C) [21], m
∗
e is the effective mass con-
stant of electrons in GaAs, and ωC is the cyclotron fre-
quency. We empirically determined g1 and g2 to be 5/2
and 7/2, respectively. An estimate of the energy as-
sociated with Jahn-Teller distortion of our system can
be determined from the Cartesian offset of our data,
4FIG. 4: Experimental co-tunneling conductance data. Peak
traces of co-tunneling (base-to-collector) spectral lines taken
in the four-electron QD valley. We display the theory (blue
lines) versus experiment (black dots). The yellow squares
mark ionizing transitions and define the edge of the Coulomb
diamond.
EJT ≈ 32 µBm∗
e
B0 ≈ 1.1meV .
Kondo cotunneling in a three-terminal configuration is
the mechanism which has enabled us to study the spectra
of excited energy levels for a four-electron QD. From an
engineering point of view, we have demonstrated that the
influence of Jahn-Teller distortion is a factor which must
be considered when designing QD circuits for practical
applications. We have also shown that we can tune our
QD to specific energy states by means of adjusting the
base and gate voltages of our device. Our experiments
indicate the viability of controlling spin-entanglement
properties of electrons ejected from our device. Extensive
theory has been developed concerning the topic of cor-
related tunneling events in three-terminal QD systems
with ferromagnetic leads [23, 24]. Additionally, theorists
have conceptualized three-terminal QD network schemes
for generating spatially separated pairs of entangled elec-
tron spins [25, 26, 27, 28].
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